◊ nate are also known to increase N retention in growing ruminants (Kim et al., 1999; Baldwin et al., 2012) . However, there may be an interaction between feed composition (starch vs. fiber) and propionate supplementation on N retention (Moloney, 1998) .
Propionate is the main substrate for hepatic gluconeogenesis (Bergman, 1990) in ruminants and has also been shown to inhibit synthesis of N-acetyl glutamate (Stewart and Walser, 1980) , the allosteric regulator of hepatic carbamoyl phosphate synthetase I, resulting in a decrease in urea cycle activity. Abdul-Razzaq and Bickerstaffe (1989) showed that diets resulting in greater propionate-type fermentation stimulated release of insulin and increased muscle protein synthesis. However, intraruminal delivery of propionate did not affect hind limb AA balance (Savary-Auzeloux et al., 2003) .
What remains unresolved is whether the effect of propionate on N retention is simply a response to additional energy or whether propionate spares AA from catabolism for gluconeogenesis with greater partition of AA into protein. Therefore, the aim of the current studies was to directly establish the role of rumen propionate on N utilization, urea N kinetics, and gluconeogenesis. Two experiments were conducted in growing sheep. In Exp. 1, intraruminal infusion of propionate was compared with isoenergetic acetate. In Exp. 2, diets with or without added propionate were compared to determine the role of propionate in regulation of urea N kinetics.
MAterIAlS And MetHodS
All protocols were approved by the Institutional Animal Care and Use Committee at the University of Maryland (protocol numbers R-10-45 and R-11-33).
Animals, Diets, and Treatment Periods
Experiment 1. Six Polypay × Dorset wether lambs (32.5 ± 3.6 kg BW), fitted with a rumen cannula, were fed a basal diet (Table 1 ) to 1.8 × ME requirements (NRC, 2007) every 2 h via an automatic feeder. Sheep were placed into individual metabolic crates and assigned to receive isoenergetic rumen infusions of either sodium acetate or sodium propionate in a balanced crossover design with each infusion period lasting 9 d. The infusion rate was calculated to supply 10% additional ME (1.19 and 0.68 mol/kg DMI of sodium acetate and sodium propionate, respectively) and to increase rumen propionate concentration by approximately 20%, as was observed by Moloney (1998) . The infusates were adjusted to pH 6.8. Each infusion period was separated by 5 d, during which time sheep were placed into individual floor pens for exercise and to allow for a period of treatment washout. Experiment 2. Five Polypay × Dorset wether lambs (33.6 ± 3.7 kg BW) were transitioned to a forage-type diet (Table 1) . The sheep were similarly fed and prepared with rumen cannulas as in Exp. 1. Following recovery from surgery, sheep were assigned to receive either the control diet or the control diet supplemented with sodium propionate (Table 1) in a crossover design with each period lasting 9 d. In the supplemented diet, sodium propionate supplied 15% additional ME over control diet. Both the diets were fed on an isonitrogenous basis. During the last 5 d, sheep were placed into individual metabolic crates for assessing N balance, urea N kinetics, and gluconeogenic measurements (see below). Each period was separated by 5 d for washout.
The pelleted diet were analyzed for DM, CP, soluble protein, NDF, ADF, starch, and crude fat by Cumberland Valley Analytical Services (Hagerstown, MD) using wet chemistry procedures (analytical methods available at http://www.foragelab.com/Resources/ Lab-Procedures; accessed March 7, 2015) . Dietary ME concentration was calculated directly from feed ingredients (NRC, 2007) and was estimated to be 10.4 MJ/kg DM for Exp. 1 and 8.4 and 8.9 MJ/kg DM, respectively, for the control and propionate diets in Exp. 2.
Isotope Infusion and Sampling
Temporary jugular vein catheters were inserted at least 2 d before initiating isotope infusions. Over the last (Agarwal et al., 2015) . Glucose kinetics were measured by infusion of [ 13 C 6 ]glucose. On the last day of each experimental period, an intravenous bolus (priming) dose (0.45 g) of [ 13 C 6 ]glucose was administered followed by continuous infusion (0.15 g/h) for 9 h.
During the last 5 d of each treatment period, total feces and urine were collected. Over the last 6 h of tracer infusion, urine and blood samples were collected and stored at -20°C for later analysis. At the end of each experimental period, a rumen fluid sample was obtained. These methods have been described in detail (Agarwal et al., 2015) .
Analysis of Urine, Feces, and Rumen Fluid
Detailed methods to measure concentration and enrichment of urinary urea, fecal 15 N, total urinary and fecal N, and rumen fluid VFA have been described (Agarwal et al., 2015) .
Glucose Concentration and Enrichment
For determination of plasma glucose concentration, a known amount (0.5 g) of an internal standard containing [ 13 C 6 ; 1, 2, 3, 4, 5, 6, 6-2 H 7 ]glucose (4 mM in 0.1 M HCl) was added to an equal known weight of plasma. The samples were acidified with an equal volume of 15% sulfosalicylic acid (wt/vol) and centrifuged for 10 min at 10,000 × g at room temperature to precipitate proteins. The supernatant was applied to 0.5 g cation-exchange resin (AG 50W-X8 resin; 100-200 mesh; Bio-Rad Laboratories, Hercules, CA) and the glucose-containing fraction eluted with 2 mL distilled water, frozen, and lyophilized to dryness. Glucose was converted to the di-O-isopropylidene derivative for gas chromatography-mass spectrometry analysis (Hachey et al., 1999) . The glucose derivative was separated on a fused silica capillary column (HP-5; 30 m by 0.25 mm by 1 μm; Hewlett-Packard, Palo Alto, CA) before mass spectrometry under electron ionization mode. The inlet was set at 250°C and the following columns conditions were used: initial temperature of 80°C followed by a 10°C/min increase to 260°C. Ions of m/z 287 to 293 (glucose isotopomers [M] to [M+6] ) and 300 (internal standard; [M+13]) were monitored. Glucose concentration in samples was calculated by isotope dilution (Calder et al., 1999) based on the ratio of [M+13]:[M]glucose after correction for background (natural abundance) and corrected for the concentration of [M+1]-[M+6]glucose isotopomers. The enrichments of plasma glucose were corrected for natural abundance using a matrix approach (Fernandez et al., 1996) .
Calculations
Urea N Kinetics. Urea N kinetic calculations were based on Lobley et al. (2000) . Whole body urea synthesis (urea entry rate [uer] ) was estimated from the dilution of the infused [ 15 N 2 ] urea tracer. A portion of UER is excreted into urine (urinary urea elimination [uue] ), whereas the remainder enters the gut tissues (gut entry rate [Ger] ). Urea entering the gut has 3 different fates: 1) urea N fecal elimination (uFe), 2) hydrolysis by rumen microbes with absorption of NH3 and return to ornithine cycle (roc), and 3) utilization for anabolic use (urea N used for anabolism [uuA] ). Urea N fecal elimination and ROC are estimated directly from excretion of fecal 15 N and based on the appearance of urinary [ 15 N 14 N] urea, respectively. The UUA is estimated by the difference between GER and UFE+ROC. An important assumption in this model is that all the doubly labeled urea in urine is derived from the infused tracer.
Gluconeogenesis. Gluconeogenesis and glucose recycling (Cori cycling) were estimated using corrected mass isotopomer distribution enrichments according to a method described by Tayek and Katz (1997) Glucose entry represents the appearance in blood of glucose derived from absorption and from synthesis in the body. However, because dietary starch is extensively fermented by rumen microbes and the fact that nearly all glucose absorbed across the intestines is metabolized, it is safe to assume that net glucose absorption across the gut is negligible (El-Kadi et al., 2006) . Therefore, glucose entry largely reflects Cori cycling and gluconeogenesis.
Statistical Analysis
Isotopic enrichment plateaus were confirmed by pairwise comparison of means using Bonferroni's correction. Animals were nested within groups. Treatment and period were considered to be fixed effects and animal within group were considered to be a random effect. Data were analyzed using the PROC MIXED procedure of SAS 9.2 (SAS Inst. Inc., Cary, NC). Statistical significance was set at P ≤ 0.05 and a trend at P ≤ 0.10.
◊ reSultS
In both the experiments, all animals gained weight throughout the experiment, and dietary DM digestibility was not different between treatments. Urinary [M+2] urea enrichment reached an isotopic plateau ( Fig. 1) (Fig. 2) . Total fecal 15 N enrichment continued to increase throughout the infusion period (Fig. 3) , attaining a final value of approximately 80% of the predicted plateau. Hence, the fecal 15 N enrichment on the last day was used in calculations. Specific results for both the experiments are presented below. (Table 2) . There was no effect of sodium propionate infusion on N retention or on urinary or fecal N outputs when compared with sodium acetate.
Rumen pH and VFA Profile. Compared with sodium acetate (control), infusion of sodium propionate reduced (P < 0.05) rumen pH (6.5 vs. 6.2). Both the concentration and molar proportion (mol/100 mol VFA) of rumen propionate and butyrate were greater (P < 0.001) and that of acetate less (P < 0.001) when sodium propionate was infused (Table 3) .
Urea N Kinetics. There was no change in UER (Table 4) ; however, UUE tended (P < 0.1) to increase and UFE decreased (P < 0.05) with sodium propionate infusion. Plasma urea concentration was greater (P < 0.05) with sodium propionate infusion.
Glucose Entry and Gluconeogenesis. Glucose entry and gluconeogenesis increased (P < 0.05) with infusion of sodium propionate (Table 5) , but there was ◊ no difference in Cori cycling. Plasma glucose concentration tended (P < 0.1) to be greater with sodium propionate infusion. The molar conversion efficiency of sodium propionate to glucose was approximately 30%.
Experiment 2: Control Diet vs. Dietary Propionate
Feed Intake, Digestibility, and N Retention. Dietary N digestibility tended (P < 0.1) to be reduced when the propionate diet was fed (Table 2 ). Total N intake was only marginally different, owing to variation in diet composition. The propionate diet reduced (P < 0.05) urinary N excretion and thus increased (P < 0.01) N retention. No difference was observed in fecal N output.
Rumen pH and VFA Profiles. Rumen pH was not altered by treatments (Table 3 ). The molar proportion of rumen propionate was greater (P < 0.001) whereas that of butyrate and acetate was less (P < 0.05) in animals that were supplemented with propionate. Rumen concentrations of propionate were increased (P < 0.01) with the propionate diet with no changes in acetate or butyrate (Table 3) .
Urea N Kinetics. The propionate diet reduced (P ≤ 0.05) UER and UUE. There was no difference in GER, ROC, and UUA; however, UFE tended (P < 0.1) to be increased with the propionate diet. Plasma urea concentration was less (P < 0.05) for the propionate diet than for the control.
Glucose Entry and Gluconeogenesis. Glucose entry, Cori cycling, and gluconeogenesis were greater (P < 0.01) with the propionate diet (Table 5 ). Plasma glucose concentration also increased (P < 0.05) with the propionate diet. The molar conversion efficiency of sodium propionate in the diet to glucose was approximately 35%.
Using combined data from both experiments, there was a significant correlation between rumen propionate concentration (x; mM) and gluconeogenesis (y; g/d): y = 0.9322x + 55.413 (R 2 = 0.42, P < 0.001; Fig. 4 ).
dIScuSSIon
Through our 2 experiments, we aimed to answer the question whether increasing ruminal propionate improves N retention in part through reducing urea flux by replacing AA catabolism for gluconeogenesis. In Exp. 1, rumen propionate was elevated by infusion of sodium propionate into the rumen of growing sheep fed a concentrate-type diet (294 g starch/kg DM feed) and using sodium acetate as an isoenergetic control. Therefore, under these dietary conditions (high starch), we aimed to simulate a forage-fed (sodium acetate) compared with a typical concentrate-fed (sodium propionate) ◊ rumen VFA profile. Infusion of sodium propionate, compared with sodium acetate, led to changes in the rumen VFA profile reflective of feeding a high-concentrate diet wherein propionate was elevated and acetate was reduced. Yet, despite a tendency for propionate to shift urea N output from feces to urine, there was no difference in total urinary or fecal N output. Therefore, under these dietary conditions and with continuous ruminal infusion of sodium acetate and sodium propionate, there were no differences in N retention. It is noteworthy that rumen butyrate concentration was increased with infusion of sodium propionate, which reflects the complex nature of rumen fermentation and the likelihood that rumen microbial populations may have been altered. We previously observed a similar effect, where butyrate infusion into the rumen also elevated propionate concentration (Agarwal et al., 2015) . After failing to observe a response in a concentrate-type diet using an isoenergetic control, a second experiment was conducted with a forage-type diet (<90 g starch/kg DM). Using a diet nearly identical to this study and feeding at approximately 1.4 × ME intake requirement, Baldwin et al. (2012) showed that addition of propionate to the diet increased N retention by 38% in growing steers. In Exp. 2, feeding the propionate diet at 2-h intervals increased N retention (approximately 0.8 g N/d), and this was mostly due to a reduction in urinary N excretion (approximately 1.4 g urea N/d). Furthermore, the efficiency of N utilization (i.e., N retained:digestible N) was increased by approximately 60% with the propionate diet. Kim et al. (1999) infused propionate into the abomasum (postrumen) of sheep fed a forage-type diet and observed greater N retention as a result of greater urea N recycling to and capture in the gastrointestinal tract. By contrast, Seal and Parker (1996) did not observe an increase in net portal-drained viscera removal of urea when propionate was infused into the rumen of growing steers that had been fed a forage diet. Moreover, there may be an interaction between diet type (starch or forage) and propionate supplementation (Moloney, 1998) . In our studies, Exp. 1 used a concentrate-type diet with high starch content, and no effect of sodium propionate infusion on N retention was observed. By contrast, in Exp. 2, propionate addition to a forage-type diet increased N retention from 10 to 16% of apparently digested N. Although N retention increased when feeding propionate, the level of N retention achieved in Exp. 2 (1.6 to 2.4 g N/d) was smaller than in Exp. 1 (4.3 to 4.8 g N/d). Using the prediction 1 UER = urea entry rate; UUE = urinary urea elimination; GER = gut entry rate; ROC = return to ornithine cycle; UFE = urea N fecal elimination; UUA = urea N used for anabolism. Burton and Reid (1969) , and based in the increase in N retention, the empty BW gain in response to feeding propionate equates to 38 g/d. Greater N retention by the sheep in Exp. 1 was expected given the greater starch content of the diet and the resulting greater rumen VFA concentrations (169 to 171 mM) compared with the diet fed in Exp. 2 that resulted in smaller VFA concentrations (99 to 118 mM). A positive correlation between VFA supply and N retention has been demonstrated in sheep (Sun and Zhao, 2009) , and it is well established that larger amounts of fermentable carbohydrates lead to greater N retention (Obara and Dellow, 1994; Fujita et al., 2006) . In vitro studies have produced confounding results on the role of propionate in regulation of hepatic urea synthesis. Using slices of sheep liver, propionate was found to inhibit urea synthesis (Rattenbury et al., 1983) . In rats, propionate was shown to inhibit the synthesis of N-acetyl glutamate (Stewart and Walser, 1980) , the essential allosteric activator of the urea cycle enzyme carbamoyl phosphate synthetase I. However, with isolated sheep hepatocytes, propionate was found to promote urea production (Demigné et al., 1991) , whereas in isolated rumen epithelial and duodenal mucosal cells, there was no effect of propionate on urea synthesis compared with acetate (Oba et al., 2004) . In Exp. 1, sodium propionate infusion had no effect on UER or on urea N recycling kinetics compared with isoenergetic infusion of sodium acetate as control. However, in Exp. 2, feeding propionate reduced UER by approximately 2 g urea N/d, leading to a reduction in urinary urea N excretion. The proportion of urea N recycled to the gut (GER:UER) was greater with the forage-type diet (approximately 60%; Exp. 2) compared with the concentrate-type diet (approximately 40%; Exp. 1), although urea N fluxes across the rumen in these 2 experiments remained unaltered by propionate. These results suggest that the mechanism or mechanisms by which propionate influences N retention may be energetically driven, that is, by sparing of AA. However, modulation of urea N recycling by propionate cannot be ruled out given the changes we observed in UUE and UFE in Exp. 1.
Nitrogen Retention and Urea N Kinetics
Urea N fluxes in growing sheep in Exp. 1 (n = 6) and Exp. 2 (n = 5) Item Exp. 1 Exp.
Gluconeogenesis
The role of propionate as a precursor for glucose synthesis in ruminants is well established (Bergman and Wolff, 1971; Danfaer et al., 1995) . In both of the present experiments, gluconeogenesis was increased by approximately 18 g/d with the propionate treatments. It is noteworthy that a similar response in gluconeogenesis to propionate supplementation was observed in both of the current experiments despite differences in the basal diets (forage type vs. concentrate type) and the mode of propionate delivery (continuous infusion vs. inclusion in diet). On a molar basis, the apparent conversion efficiency of supplementary propionate to glucose was approximately 35%. This is much smaller than what would be expected (i.e., >90%), given that little propionate is metabolized by rumen tissues (Kristensen and Harmon, 2004 ) and the liver removes >80% of the portal vein supply of propionate (Berthelot et al., 2002) . Therefore, propionate most likely replaced AA catabolized for gluconeogenesis, resulting in the smaller apparent efficiency of propionate conversion to glucose. The sparing of AA from gluconeogenesis likely accounted for the reduction in UER and thus the increase in N retention in Exp. 2. By contrast, the lack of response in UER and N retention to infusion of sodium propionate versus sodium acetate in Exp. 1 may be due to the constant infusion of treatments. Therefore, unlike feeding propionate, where the 2-h feeding interval is likely to initiate spikes in plasma insulin that promote anabolic responses (Sano et al., 1993) , the constant infusion of treatments in Exp. 1 would fail to elicit spikes in plasma insulin. In Exp. 2, the greater plasma glucose concentration may also reflect the 2-h feeding mode, resulting in glucose stimulation of anabolism in peripheral tissues.
The role of greater ruminal propionate concentration, resulting from highly fermentable diets, on increased N retention is not clear. Our studies were designed to investigate the potential effects of ruminal propionate on urea N kinetics and N utilization. Under the conditions of these studies, greater ruminal propionate resulting from dietary propionate reduced overall urea N flux thus improving N utilization. The pulsatile effect when feeding propionate may have provided a synchronous delivery of propionate along with the needs of energy for digestion, which likely stimulated greater spikes in plasma insulin to enhance protein accretion. Overall, our studies demonstrate that propionate inclusion in feed, but not continuous infusion in to the rumen, improves N utilization in growing sheep. The propionate effect is likely mediated by providing additional precursors for gluconeogenesis. 
